Abstract: Understanding linkages among life history traits, the environment, and population dynamics is a central goal in ecology. We compared 15 populations of sockeye salmon (Oncorhynchus nerka) to test general hypotheses for the relative importance of life history traits and environmental conditions in explaining variation in population dynamics. We used life history traits and habitat variables as covariates in mixed-effect Ricker models to evaluate the support for correlates of maximum population growth rates, density dependence, and variability in dynamics among populations. We found dramatic differences in the dynamics of populations that spawn in a small geographical area. These differences among populations were related to variation in habitats but not life history traits. Populations that spawned in deep water had higher and less variable population growth rates, and populations inhabiting streams with larger gravels experienced stronger negative density dependence. These results demonstrate, in these populations, the relative importance of environmental conditions and life histories in explaining population dynamics, which is rarely possible for multiple populations of the same species. Furthermore, they suggest that local habitat variables are important for the assessment of population status, especially when multiple populations with different dynamics are managed as aggregates.
Introduction
Life history traits and environmental conditions can drive temporal changes in population abundance Hendry et al. 2004; Benton et al. 2005; Venturelli et al. 2009 ). Understanding why populations differ in key characteristics such as maximum population growth rates (Denney et al. 2002) and density-dependent population growth (Brook and Bradshaw 2006) is not only of great interest to ecologists but it is also important for the effective management of populations (Hutchings and Reynolds 2004) . Life history traits such as female body size and reproductive investment can vary through time and space because of selection or as plastic responses to environmental conditions (Sand 1996; Hairston et al. 1999; Carlson et al. 2011) . Empirically derived linkages between life history traits and population dynamics provide powerful tools for predicting how such changes in reproductive investment will influence future abundances (Hutchings and Reynolds 2004; Birkeland and Dayton 2005) . Likewise, linkages between environmental conditions and population dynamics can be used to predict how individual populations will respond to changes in habitat (Pulliam 1988 ) that are either positive (e.g., restoration; Einum et al. 2008) or negative (degradation or loss; Wiegand et al. 2005) . However, few studies have incorporated both life histories and habitats in explaining population dynamics (Goodwin et al. 2006; Hutchings et al. 2012 ; but see Saether 1997) .
Fish are good model systems for understanding how life history traits such as age at maturity, body size, and fecundity relate to variation among species in maximum population growth rate (Denney et al. 2002; Venturelli et al. 2009; Hutchings et al. 2012) , density dependence (Goodwin et al. 2006) , and population variability (Mertz and Myers 1996; Einum et al. 2003) . Venturelli et al. (2009) showed that for a single population of walleye (Sander vitreus) , productivity was higher when the mean age of the population was older because older females produce more and larger eggs than younger females. However, with few exceptions (Venturelli et al. 2010) , environmental conditions are not considered as covariates in such analyses. This is probably because it is difficult to obtain adequate demographic, life history, and habitat data for multiple populations. Pacific salmon (Oncorhynchus spp.) provide a unique opportunity to evaluate differences among populations in their dynamics because populations are typically locally adapted, and their commercial and cultural importance has led to extensive monitoring of abundance. However, many populations are managed at an aggregate level (multiple populations are combined), and differences among individual populations at the stream level that may influence how they respond to environmental changes are rarely considered (but see Crozier and Zabel 2006; Rogers and Schindler 2011) .
Previous research on Pacific salmon reproduction and mortality provides a useful platform from which we can derive a priori hypotheses and predictions about the environmental and life history traits that influence population dynamics (Table 1) . For example, body size and correlated traits such as egg size and fecundity are linked to offspring production in Pacific salmon (Beacham and Murray 1993; Braun et al. 2013) . Environmental conditions such as water depth have been shown to influence mortality by bears on the spawning grounds (Carlson et al. 2011 ). Water temperature is related to the emergence timing and size of juveniles (Braun et al. 2013) , which may have fitness consequences. Gravel size has also been shown to influence survival of eggs, whereby fine substrate suffocates eggs (Chapman 1988) and larger gravels are difficult for nest digging (Quinn 2005) . Although salmon population dynamics are also affected by conditions at sea (Mueter et al. 2005; Connors et al. 2012 ), our interest is in the role of variation among populations in freshwater spawning environments.
In this study, we examine general hypotheses for how maternal life history traits and habitat conditions combine to influence population dynamics, including maximum population growth rate, the strength of density dependence, and population variability. The sockeye salmon (Oncorhynchus nerka) populations used in this study share common rearing environments both in fresh water and at sea but differ in their stream spawning and incubation habitat.
We first quantify large differences among populations in their dynamics. We then construct a series of mixed-effects Ricker models incorporating life history traits (maternal body size at maturity and individual egg size) and spawning and incubation habitat (stream depth, gravel size, and temperature) to estimate their effects on maximum population growth rates, density dependence, and population variability of 15 populations. By examining the combined effects of life history traits and habitat on variation in dynamics among populations, we provide a foundation for predicting how changes in these population characteristics and habitats will alter abundances.
Materials and methods

Study system
We studied sockeye salmon and their spawning stream habitats in 15 populations in the Stuart drainage of the Fraser River Basin in British Columbia, Canada. For the purposes of this study, we consider fish that spawn in different streams to represent different populations, and there is evidence of local adaptation of these populations (Braun et al. 2013) . These populations represent a subset of the Early Stuart population complex, which is composed of 35+ populations and is managed in fisheries at an aggregate level. These fish migrate upstream 1100 km from the ocean to spawn in small tributaries of lakes and rivers in the Stuart drainage. They spawn from late July to late August. The peak of spawning occurs at similar times for all streams (within a week; Fisheries and Oceans Canada stock assessment). Females dig nests in the gravel and bury their eggs, and juveniles emerge the following spring. They then travel to a lake where they spend 1 year before migrating to sea, returning 2 years later to spawn. Further information on the study streams can be found in Braun and Reynolds (2011) .
Life history traits and habitat data
We sampled females after they died naturally rather than using lethal sampling because of conservation concerns for the Early Stuart populations. Therefore, we were unable to collect data on fecundity. All fish sampled were intact, with no indications of predation or scavenging. We measured snout length (from the middle of the eye to the end of the snout), body length (from the middle of the eye to the last vertebra in the tail), hump height (the maximum distance from the lateral line to the dorsal hump), and caudal peduncle depth to the nearest millimetre (see figure 2 in Hendry and Berg 1999) . Each stream was sampled two to four times over the duration of spawning (1-20 August) in 2009. The ages of fish were determined using otoliths. An independent lab checked 20% of our samples for accuracy, which was determined to be 100%. Table S1 in the supplementary material 1 summarizes all of the explanatory and response variables. We censored life history data by only including 4-year-old fish (91%) in our analyses, which is similar to the age composition estimated from recruitment data for the entire population complex (94%).
We used a body size metric created from four correlated morphological traits (correlation coefficients, r, ranged from 0.54 to 0.66), which included body length, snout length, hump height, and caudal peduncle depth. These variables were used in a principal components analysis to create orthogonal variables; 70% percent of the variation among variables was explained by the first principal component (PC1) and all variables loaded strongly (loadings: body length, 0.49; caudal peduncle depth, 0.49; snout length, 0.53; hump height, 0.49). The first principal component was used as an integrated index of body size.
From the same females, we collected and froze any eggs remaining in the body cavity, discarding undeveloped, discolored, or broken eggs. Eggs were dried following the procedure outlined in Patterson (2004) and were used to calculate the mean individual dry egg mass for each female. We only included 4-year-old females with a minimum of 10 eggs; 173 females from the 315 sampled met this criterion.
We chose the most important subset of habitat variables based on our previous work with these populations Reynolds 2011, 2012; Braun et al. 2013) . Habitat variables were surveyed from 2007 to 2009. Gravel size was sampled once in 2007 using the Wolman pebble count method (Wolman 1954) . The intermediate axis of 10 stones were measured at 16 transects per stream. The geometric mean gravel size was calculated for each stream because this metric better captures the distribution of substrate sizes than does the arithmetic mean. Stream depth was measured at 10-12 equidistant points along 16 transects per stream during June and July of 2007. Stream depth was measured in reaches with the highest densities of spawners and represent on average 18% of the total spawning habitat per stream. We calculated the stream maximum depth by averaging the maximum water depth measured at each transect. We recorded stream temperature every 2 h using iButton temperature loggers from August 2007 to July 2009. We used the maximum daily mean temperature to characterize incubation temperatures, since this has been shown to influence fitness-related traits for these populations (Braun et al. 2013) . Water depth Populations that spawn in streams with deeper water will have higher population growth rates. Shallow streams increase the risk of predation by bears and stranding, reducing the number of females able to spawn. Shallow water may also select for smaller fish, leading to lower fecundity and smaller eggs, which could also reduce maximum population growth rates.
13-16
Temperature Populations that spawn in streams with higher water incubation temperatures have lower population growth rates. Higher stream temperatures increase energy required for egg development, producing smaller juveniles that emerge early.
5, 17, 18
Gravel size Populations that spawn in streams with intermediate substrate size will have higher population growth rates. When spawning substrate is too small it can cause embryo mortality, and when too large it is difficult for females to dig nests.
19, 20
Density dependence Body size Populations with larger females will have stronger density dependence. Larger females dig larger or more nests, leading to more superimposition and egg mortality per unit area.
21, 22
Fecundity Populations with greater fecundity will have stronger density dependence. More fecund females (for a given egg size) require larger nests.
21
Egg size Populations with larger eggs will have stronger density dependence. Females that produce larger eggs (for a given fecundity) require larger nests.
20, 21
Water depth Populations that spawn in streams with deeper water will have lower density dependence. Deeper water leads to more spawning habitat per unit of stream width because more of the stream will be deeper than for the minimum needed.
23
Temperature Density-independent -no hypothesis Gravel size
Populations that spawn in streams with intermediate substrate size will have lower density dependence. High spawner abundance will force more females to use marginal spawning substrate (i.e. small substrate with high embryo mortality or large substrate that is difficult to dig).
20
Population variability Body size Populations with larger females (at a given age of maturity) will have less variable population growth rates. Larger females invest more energy into reproduction, producing more and larger eggs, and can dig deeper nests that will protect eggs from environmental stochasticity during incubation, such as scouring of substrate during high flow and freezing events.
4-10
Fecundity Populations with females that have greater fecundity have more variable population growth rates. For females with more eggs, small variations in juvenile mortality can translate into large variation in the number of offspring surviving to adulthood.
24, 25, 26, but see 27
Egg size Populations with females that produce larger eggs have more stable population growth rates (for a given fecundity). Survival of eggs and juveniles will be more consistent in the face of varying environmental conditions because larger eggs survive better than small eggs when environmental conditions are poor.
26, 28, 29
Water depth Populations that spawn in streams with deeper water will have more stable population growth rates. Shallower streams are more subject to periods of low water, leading to more variable mortality from bear predation and stranding.
13-16
Temperature Populations that spawn in streams with higher water incubation temperatures will have less stable population growth rates. Higher stream temperatures increase the energy demand of egg development, producing smaller juveniles that emerge early.
18
Abundance and recruitment data We used time series of Early Stuart abundance data collected on their spawning grounds and recruitment data collected in the lower Fraser River. Abundance data are collected for each individual stream population, while recruitment is a single estimate per year for the entire Early Stuart population complex. For details and review of methods for data collection and estimation of abundance and recruitment values, see Rand et al. (2007) and English et al. (2011) .
We defined recruitment as the number of fish that would have returned to their spawning streams in the absence of fishing mortality. Fishing mortality occurs along the sea coast and in rivers during migration to the spawning streams. In recent years (1992-present) , natural mortality during the upstream freshwater migration has been added back into estimates of recruitment (Peterman and Dorner 2012) because of unusually high mortality. Therefore, we define recruits as the individuals that would have returned to the lower reaches of the Fraser River in the absence of fishing and before subsequent migration mortality. This is a commonly used definition of recruitment for Fraser River populations (Peterman and Dorner 2012; Connors et al. 2012) , which also avoids unreported catches in the river, and is a relevant definition for fisheries managers because it provides estimates of fish available for most commercial and recreational fisheries. Although this will affect the overall estimates of maximum population growth rate, this will be the same for all stream populations because the increase in recruits is at the population complex level. Stream-specific fishing mortality rates are not available (but see below). However, we estimated stream-specific recruitment by allocating the Early Stuart population complex recruitment estimates to each stream in proportion to the number of spawners counted in each stream (Figs. 1 and S1 1 ). First, for each year we calculated the proportion of recruits at ages 3, 4, and 5 years by multiplying the total number of recruits by the proportion of each age class from the Early Stuart recruit data; these recruits were then assigned to their appropriate brood year (4-year-old recruits returning in 2000 were assigned the brood year 1996). Within each brood year, recruitment for each age class was calculated as (1)
where R i,t is the number of recruits produced by spawners from brood year t and population i, N i,t is the proportion of recruits at ages a (i.e., 3, 4, and 5) that returned 3, 4, and 5 years after the brood year, and S i,t is the number of adults that spawned in year t and population i. Finally, incorporates exploitation and migration mortality experienced by all populations in the Early Stuart complex in year t, which is the ratio of spawners to recruits in a given year. Our calculation of population-specific recruits makes three assumptions: (i) mortality due to fishing and upstream migration is similar among populations and independent of body size, (ii) age structure is consistent among streams, and (iii) adults return to their natal stream. The first assumption about similarity among populations is reasonable because nearly all fishing occurs before the fish reach their spawning streams. It is possible that size-selective fishing prior to the return to the streams may influence populations differently if they are of different sizes. However, fishing on these populations has been relatively low, with <30% of returning fish caught over the past 20 years, with the exception of 3 years (English et al. 2011) , using fishing methods that are not size-selective, such as purse seine. Furthermore, there is little evidence of size-based mortality during upstream migrations in these populations (but see Clark et al. 2012 for coho salmon, Oncorhynchus kisutch). The second assumption is also reasonable because there is little difference in the age composition among populations within a year (Fig. S2 1 ) . Finally, the third as- Note: These predictions assume that reproductive output is proportional to population productivity. Although we do not have data to test hypotheses describing the effect of fecundity on population dynamics, they are included for completeness. Note body size is standardized to age by only including 4-year-old females. Therefore, predictions about how body size will influence population dynamics are opposite to those found in comparison among species, where larger-bodied species have lower maximum population growth rates because they have later age at maturity (for examples, see 1, Hutchings et al. 2012; 2, Denney et al. 2002; 3, Dulvy et al. 2000) . *1, Hutchings et al. 2012; 2, Denney et al. 2002; 3, Dulvy et al. 2000; 4, Beacham and Murray 1993; 5, Beacham and Murray 1985; 6, Hendry and Day 2003; 7, Hendry et al. 2001; 8, Roff 2002; 9, Einum and Fleming 2000; 10, van den Berghe and Gross 1989; 11, Venturelli et al. 2010; 12, Smith and Fretwell 1974; 13, Quinn et al. 2001; 14, Gende et al. 2004; 15, Carlson and Quinn 2007; 16, Carlson et al. 2007; 17, Kamler 2008; 18, Braun et al. 2013; 19, Chapman 1988; 20, Quinn 2005; 21, van den Berghe and Gross 1984; 22, Steen and Quinn 1999; 23, Fukushima and Smoker 1998; 24, Koslow 1992; 25, Winemiller 2005; 26, Einum et al. 2003; 27, Rickman et al. 2000; 28, Hutchings 1991; 29, Einum et al. 2002. sumption is reasonable because dispersal rates for salmonids are typically very low (Quinn 2005) , although rates are not known for these populations.
Ricker models
Pacific salmon population dynamics are typically modelled using Ricker spawner-recruit models:
where R is the number of recruits, and S is the number of females that successfully spawned effectively and gave rise to the recruits (ages 3, 4, and 5) at time t. a is the intercept, which reflects the maximum population growth rate in units of log e R t S t at low population abundance, b is the estimated influence of spawner density on survival of the progeny from spawners in year t, reflecting the strength of density dependence, and is the residual error (see Fig. S3 1 for estimates of parameter estimates from single population Ricker models). Larger values for density dependence indicate a more negative effect on log e R t,i S t,i . We used a mixed-effects Ricker model to include multiple populations:
where and ␥ are the variation in maximum population growth rates and the strength of density dependence among populations, respectively, and is residual error for population i at time t.
Estimates of , ␥, and are assumed to be normally distributed with a mean of zero. We used recruitment data for the Early Stuart complex for brood years 1953 to 2004. However, many of our time series are incomplete and some data are from periods of low productivity for the entire complex, which can lead to underestimates of maximum population growth rates relative to other populations that are represented in the full time series (brood years 1953-2004) . We therefore added an Early Stuart productivity index to the basic Ricker model to account for variation in productivity that is common to all Early Stuart populations (Bradford et al. 2000) . Variation in population dynamics can also be influenced by differences in the rearing lake environment. The populations studied here spend a year in one of two lakes, which vary in their physical and biological conditions (Shortreed et al. 2001) ; therefore, we included a fixed factor for lake. We used an extended Ricker model to estimate maximum population growth rates:
where is the effect of the Early Stuart productivity index P for year t, and is the effect of rearing lake L j on recruits per spawner. This productivity index was calculated using six Early Stuart populations that are not included in our analyses and have long time series of recruits and spawners (minimum of 32 years). For each year we averaged the residuals taken from population-specific Ricker models and subtracted the overall mean to normalize the index. Therefore, our estimates of maximum population growth rate from the extended Ricker model are for when the overall productivity of the population complex was average. Ricker models constructed for Pacific salmon populations often include an autoregressive 1-year lag (AR1) correlation structure. For each population we compared models with and without an AR1 term and found no support for the AR1 correlation structure, based on AIC c values. Thus we focus on the mixed-effects Ricker model (eq. 4) without AR1 correlation structure.
Data analyses
We examined the influence of maternal phenotype and habitat on differences among populations in their dynamics using a series of mixed-effects Ricker models. Maternal phenotype variables include an index of body size and mean individual egg size; population averages were used. Habitat variables include stream averages of stream depth, incubation temperature, and gravel size. These variables were included in three analyses that examined their effects on (1) maximum growth rate (the intercept), (2) the strength of density dependence (effect of spawner abundance on offspring survival), and (3) population variability (the residual variance).
We began the first analysis with eq. 4 (null model) and then added our population-level explanatory variables as fixed effects. This tested the effect of our explanatory variables on maximum population growth rate. This can also be thought of as densityindependent effects on survival. The top model from the first analysis then became the null model for the second analysis. To this second null model (eq. 5) we added an interaction between our explanatory variables and spawner abundance to test for their effects on density dependence. We repeated these steps and included a variance term that allowed residual variance to change exponentially with our explanatory variables to test for their effect on population variability. In each equation, the addition of new variables and their effects are in quotes. At each step we evaluated the weight of support for addition of these model terms, using AIC c model selection, by comparing them with a null model. Null models are simpler models from the previous step. The order of our analyses is arbitrary, and reordering the analyses yields the same top models.
(1) Effects on maximum population growth rate First, we assessed the additive effect of our explanatory variables on each population's maximum population growth rate (density-independent effects on log e R t,i S t,i ). Models with additional explanatory variables (eq. 5) were compared with a null model (eq. 4) by adding a single explanatory variable as a fixed effect to our extended Ricker model (eq. 4):
where is the effect of explanatory variable Var (either body size, egg size, gravel size, water depth, or incubation temperature). Explanatory variables are means for population i (n = 15), and therefore their effects are at the population level and will influence the variation explained in the random intercept (i.e., maximum population growth rate). We only included one of our explanatory variables at a time because of high collinearity among explanatory variables. Variation in density dependence among populations can be modeled by using random slopes for density dependence (as we have done) or by estimating density dependence for each population as a fixed effect (Connors et al. 2012) . We examined the sensitivity of our model selection results to these two approaches to modeling density dependence (Table S2 1 ). We used AIC c to identify the top model of the candidate set, which became the null model in the next step.
(2) Effects on density dependence We evaluated the potential for each of the explanatory variables to mediate the effects of spawner abundance (i.e., densitydependent effects on log e R t,i S t,i ) by adding an interaction between each of the explanatory variables and spawner abundance to the top model from the previous analyses (eq. 5).
where is the effect of the interaction between an explanatory variable (Var -body size, egg size, gravel size, water depth, or incubation temperature) and spawner abundance. We compared models with only one interaction and the null model (top model from the previous step), which did not include an interaction. Adding an interaction between covariates and spawner abundance potentially confounds our random effect of density dependence (they are explaining the same variation), but support for an interaction indicates density dependence scales with the covariate.
(3) Effects on population variability
Finally, we examined the effects of our explanatory variables on population variability by adding variance structure to our top model (from eq. 6), which allows variance to increase or decrease at an exponential rate with one of the explanatory variables using the varExp function in R, relaxing the assumption of normally distributed residuals. Variance structures scale the weighting of data by the explanatory variable. A positive estimate for the variance parameter suggests that residuals increase with explanatory variable x.
where ␦ is the effect of an explanatory variable (Var) on the residual error ().
To make explanatory variables comparable, they were standardized by subtracting the mean and dividing by two standard deviations (Schielzeth 2010) . Diagnostics for heteroscedasticity, normality, and independence of residuals were visually inspected.
Results
Annual population productivity (log e R t,i S t,i ) was twice as variable among the 15 populations (CV -mean = 79%) as for the aggregate of the populations (CV = 39%) (Fig. 1) . Variability among populations varied threefold (CV range = 46%-151%). Figure 1 shows a variable but overall decreasing trend since the 1960s for all populations. Maximum population growth rates (i.e., a from eq. 2) varied from two to six recruits per spawner among populations, and population variability (i.e., standard deviation of residuals from eq. 2) varied eightfold (Figs. 2a and 2c) . Variation in maximum population growth rates was best explained by stream water depth (Table 2) ; populations in streams with deeper water had higher maximum population growth rates (when conditions were average; Table 3 ; Figs. 2a, 3a) . The effect of stream depth on survival was twice that of the next best variable, maximum incubation temperature (Fig. 3a) . The second-best model, which included incubation temperature, had a similar AIC c value to the null model (Table 2) . Life history traits and gravel size had little relationship with population growth rates (Fig. 3a) , and all had less support than the null model (Table 2) , which did not include a population-level explanatory variable.
As predicted, gravel size influenced density dependence; populations that spawned in streams with larger gravel exhibited stronger density dependence (Table 3; Figs. 2b, 3b) . The gravel size by spawner abundance interaction was strongly supported (model weight = 0.83) compared with other interactions between our explanatory variables and spawner abundance ( Table 2) . The next best model of the set was the null model, which did not include an interaction (Table 2) . Density dependence did not vary with life history traits, stream depth, or temperature (Fig. 3b) .
Population variability was lower for populations in streams with deeper water (Table 3 ; Figs. 2c, 3c) . Residual variance decreased exponentially with stream depth (model weight = 0.99). Variance also decreased with smaller gravel size and larger body size (Fig. 3c) , but there was little support for their effect (model weights -gravel size < 0.001, body size model weight < 0.001; Table 3 ).
Discussion
We found that variation among 15 sockeye salmon populations in maximum population growth rates, density dependence, and population variability was strongly related to characteristics of habitats, whereas maternal life history traits had little explana- Fig. 2 . Relationships between top explanatory variables and (a) maximum population growth rates, (b) density dependence, and (c) population variability. Values for population metrics are derived from individual population Ricker models log e R t S t ϭ a Ϫ b S t ϩ t (eq. 2), where maximum population growth rate = a, and density dependence = b (also see Fig. S3 1 ) . Larger values for density dependence have a more negative effect on log e R t S t . Population variability is the standard deviation (SD) of residuals () from individual population Ricker models (eq. 2); therefore, smaller values indicate lower population variability. values between model i and the best model of those considered, and w i is the probability that a model is the best of the set. Coefficients (Coef.) and standard error (SE) are given in standard deviation units, which allow for comparisons of effect sizes among explanatory variables. tory power. Stream depth was a key variable describing both maximum population growth rate and variability. This habitat feature can have both direct effects on populations through mortality of adults (Gende et al. 2004; , as well as indirect effects through selection for smaller body size (Quinn et al. 2001) . We also found that density dependence was stronger in populations that spawned in larger gravel.
Shallow water can strand adults and also make them more vulnerable to bear predation (Quinn and Kinnison 1999; Gende et al. 2004; . Observations by Fisheries and Oceans Canada personnel during annual spawning surveys indicate that low water levels can impede access to streams in some years, and these tend to be the streams with lower maximum population growth rates. Furthermore, predation by both grizzly (Ursus arctos horribilis) and black bears (Ursus americanus) is common in our study streams and extremely high in some populations and years. A previous comparison of 32 streams, including those studied here, showed that the amount of in-stream cover (e.g., large wood, pools, undercut banks) is positively correlated with sockeye salmon densities, potentially owing to reduced risk of predation by bears . A reanalysis of those data using only the 15 streams used in this study suggests that stream depth is also positively correlated with population density (R 2 = 0.20). Thus, although the positive effects of deep water in streams on adult survival are well supported (Carlson et al. 2011) , this is the first time such effects have been scaled up to the level of population dynamics, including both maximum population growth rates and population variability.
We think the evidence points towards multiple effects of stream depth on population dynamics. Stream depth can directly influence differential survival of adults but can also lead to indirect effects mediated by body size; there is some evidence to distinguish between these effects. First, body size co-varied with water depth, whereby fish that spawned in shallower streams were smaller. Shallow water can select for smaller-bodied fish (Quinn et al. 2001 ) and earlier senescence . Although stream depth out-competed body size in analyses that examined effects on maximum population growth rates and population variability, the coefficients for body size were in the predicted direction in both analyses. We used an alternative dataset from Braun et al. (2013) to examine relationships between body length and egg mass, fecundity, and total gonad mass, which reveals that differences between our populations with the longest and shortest fish (2.2 cm) only translate into small reductions in egg mass (3%), fecundity (8%), and total gonad mass (12%). This reduction in reproductive investment alone is probably not enough to explain the differences in maximum population growth rates for these populations but suggests there may be some small effect of body size on population dynamics. Taken together, these lines of evidence suggests that stream depth may be related to population dynamics through multiple direct and indirect pathways, including mortality due to stranding and predation (direct) and through selection on body size, which influences reproductive potential (indirect).
Negative density dependence on the spawning grounds is common in Pacific salmon populations. On the scale of the stream population, density dependence is caused by females digging nests over top of the nests dug by females previously occupying the same site and can lead to substantial mortality by damaging the eggs and or making them accessible to predators (Essington et al. 2000; Moore et al. 2008) . Populations spawning in streams with large gravel had greater density dependence. In streams with small gravel (within the range suitable for spawning sockeye salmon), a greater proportion of the stream is suitable for spawning than in streams with larger gravel. Therefore, the effect of Note: The Early Stuart (ES) productivity index is a metric of the overall productivity of the Early Stuart population complex, which is added as a covariate to deal with the issue of some populations having incomplete time series and variation in productivity that is common to all Early Stuart populations. "Spawn" is the within-population density dependence. Coefficients (Coef.) and standard error (SE) are given in standard deviation units, which allow for comparisons of effect sizes among explanatory variables, except for the Spawn parameter. Fig. 3 . Standardized coefficients describing the effects of explanatory variables on (a) maximum population growth rates from eq. 5, (b) density dependence from eq. 6, and (c) population variability from eq. 7. Larger values for density dependence have a more negative effect on log e R t,i S t,i . Error bars are 95% confidence intervals. For panel (c), confidence intervals are not calculated for effects of explanatory variables on variance.
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gravel size on the strength of density dependence likely reflects the amount of habitat available to spawning fish. The gravel sizes found in our study (range in geometric mean 0.6-7.8 cm) were similar to size criteria for other salmonid spawning gravel size (1.3-10.3 cm) (Bjornn and Reiser 1991) . Although fine substrate can cause embryo mortality (Chapman 1988) , the streams we studied had low levels of fine sediment (<1 cm). In fact, the smallest gravel was associated with weakest density dependence. Our results suggest that stream depth mediates variability in growth rates among populations, whereby populations that spawn in streams with deeper water are less variable through time. Deep-water populations also had higher population growth rates. Together, these results are interesting because higher maximum population growth rates can be associated with more variable dynamics (Anderson et al. 2008) , which is the opposite to what we have found. For these populations, water depth not only leads to higher population growth rates but also less variable dynamics.
In spite of the strong support for the correlations found in this study, we interpret our results cautiously for two reasons. First, there is a mismatch between time periods in our population data, which spans decades (range 17-52 years), and in explanatory variables (from 1 to 2 years). Our inferences from environmental variables seem reasonable because the rank order of populations is consistent from year to year. This has been shown by a comparison of habitats over 20 years for three of our study streams, with temperatures and gravel size showing strong consistency from year to year (i.e., the coldest stream is always the coldest and the warmest stream is always the warmest; D. Patterson and D. Braun, unpublished data) . We do not have a comparable time series for stream depth, but the differences among streams in depth should be consistent from year to year, as the streams are all in the same lake basin and therefore subject to similar precipitation patterns. Based on the same three populations, body length differences were less consistent through time, with the rank order of streams changing from year to year. Therefore, effects of life history traits were probably more difficult to detect in this study.
Second, although the number of populations is large (n = 15) for a study that combines field data and long time series of population dynamics, it would be helpful to have even more populations for statistical robustness against spurious relationships and strong leverage effects of a few data points. However, our results are robust to the order in which we included different explanatory variables and their effects on all three population dynamics parameters. This suggests that our relationships are independent of which explanatory variables are included in previous models. It should also be noted our spawner and recruit relationships were based on 630 spawner-recruit pairs.
The populations we studied are managed as a single population complex, exhibiting correlated dynamics due to common rearing environments in fresh water and at sea. Yet we found strong variation among the populations in their dynamics, including an eightfold difference in population variability and a twofold difference in maximum population growth rates among populations, much of which is explained by variation in spawning and incubation habitat at the stream level. It is well known that populations with low productivity are more susceptible to overfishing or being driven to extinction when caught in mixed-stock fisheries (Walters and Martell 2004) . This risk could be predicted from the variables we have identified as important for population growth rates and variability. Reducing the number of populations can homogenize the metapopulation structure, which can influence population persistence (Schtickzelle and Quinn 2007) and weaken the portfolio effect, whereby asynchrony among populations can maintain consistent fisheries catches (Hilborn et al. 2003; Schindler et al. 2010) . Loss of populations can also have dramatic effects on ecological communities adjacent to and in which the fish spawn (Janetski et al. 2009; Hocking and Reynolds 2011; Carlson et al. 2011; Verspoor et al. 2011) .
By including both life history traits and habitats in explaining dynamics at the level of individual populations, we have a better understanding of the potential evolutionary and ecological factors influencing population dynamics. Natural and anthropogenic impacts on life history traits and environments could lead to complex interactions, challenging our ability to predict future population dynamics. We also show that populations that are typically managed and analyzed as a single population complex can differ dramatically in their dynamics, because of variation in habitats among populations. This result suggests that populationspecific habitat conditions could be used to assess population status and more broadly highlights the need to account for habitat diversity in assessments of extinction risk of populations.
